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Abstract

Because of their common origin, it was assumed that the composition of planet building blocks
should, to a first order, correlate with stellar atmospheric composition, especially for refractory
elements. In fact, information on the relative abundance of refractory and major rock-forming
elements such as Fe, Mg, Si has been commonly used to improve interior estimates for terrestrial
planets. Recently Adibekyan et al. (2021) presented evidence of a tight chemical link between
rocky planets and their host stars. In this study we add six recently discovered exoplanets to
the sample of Adibekyan et al. and re-evaluate their findings in light of these new data. We
confirm that i) iron-mass fraction of rocky exoplanets correlates (but not a 1:1 relationship) with
the composition of their host stars, ii) on average the iron-mass fraction of planets is higher than
that of the primordial f star

iron , iii) super-Mercuries are formed in disks with high iron content. Based
on these results we conclude that disk-chemistry and planet formation processes play an important
role in the composition, formation, and evolution of super-Earths and super-Mercuries.
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1 Introduction

The study of only a few giant planets was enough to notice that presence of these planets cor-
relates with stellar metallicity (Gonzalez, 1997, Santos et al., 2001). Since these pioneering works,
different research groups tried to link the chemical composition of stars with the properties of planets
(Adibekyan, 2019, Adibekyan et al., 2013, 2015a, Brewer et al., 2018, Delgado Mena et al., 2010,
Hinkel et al., 2019, Suárez-Andrés et al., 2017, Teske et al., 2019, Unterborn et al., 2018).

With the increased precision of mass and radius measurements of planets, it become possible to
characterize the interiors and bulk composition of low-mass exoplanets (Helled et al., 2021, Nettelmann
& Valencia, 2021). Several attempts have been made in the last years trying to link the composition of
low-mass planets and their host stars. However, these attempts were either based on single planetary
systems (Lillo-Box et al., 2020, Mortier et al., 2020), on a small sample of planets (Plotnykov &
Valencia, 2020, Santos et al., 2015, Schulze et al., 2021), or on a comparison of the overall properties
of planets and overall properties of planet host stars in a population sense (Plotnykov & Valencia,
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2020). As a result, it was not possible to reach a firm conclusion either because of low-number statistics
or because the results were not as informative (especially if the composition of the stars are not derived
in a homogeneous way) as they would be if a direct star-planet comparison was performed.

On the contrary, Adibekyan et al. (2021, hereafter A21) adopted a different approach and looked
for compositional relation between rocky exoplanets and their host stars. This approach overcomes
the following potential issues:

• When performing a direct comparison of star-planet compositions for individual systems, large
uncertainties in the compositions of planets and/or stars will naturally result in indistinguishable
composition of the two.

• Because the uncertainties in planetary compositions are typically much larger than those in host
star abundances (A21, Schulze et al., 2021), the necessity of exact chemical characterization of
planet host stars can be overlooked (Schulze et al., 2021).

• Finally, it is impossible to make a general conclusion about the existence of a compositional
link between stars and their planets by comparing the compositions of individual planet-star
systems.

The main findings of A21 can be summarized as follows. The authors selected 22 low-mass ex-
oplanets (M < 10 M⊕) with precise mass and radius measurements (uncertainty both in mass and
radius below 30%) orbiting around solar-type stars. For the sample planets they determined their

normalized planet density (ρ/ρEarth−like)
1 and the iron mass fraction (fplanet

iron ) using the planet inte-
rior models of Dorn et al. (2017) and Agol et al. (2021). Based on the chemical abundances of the
host stars and using the stoichiometric model from Santos et al. (2015, 2017) they also estimated the
iron-to-silicate mass fraction (f star

iron) of planetary building blocks. Based on these data the authors
found: i) the normalized density and iron-mass fraction of exoplanets strongly correlate with the f star

iron ;

ii) the relation between fplanet
iron and f star

iron is not 1-to-1 (exoplanets have on average higher firon than

what is expected from the host star composition), and iii) super-Earths (with fplanet
iron ≲ 50%) and

super-Mercuries (with fplanet
iron ≳ 60%) appear to be distinct populations in therm of compositions.

In this paper, we add six recently discovered exoplanets to the A21 sample and re-evaluate their
claims and findings. The distribution of the exoplanets on a mass-radius diagram is shown in Fig. 1
where we single out the newly added planets.

2 Properties of planets and their host stars

To determine the properties of the new planets and their host stars we closely followed the work
of A21. Below we provide a brief summary of the methods.

2.1 Exoplanet properties

We computed the bulk density (ρ) and the normalized density (ρ/ρEarth−like) of the planets from
their mass and radius and the Earth-like composition model of Dorn et al. (2017). From the mass and

radius of planets we also estimated their expected iron fraction fplanet
iron , which is defined as (MFe,mantle+

Mcore)/Mpl, where MFe,mantle and Mcore are the masses of iron in mantle and core, respectively. For
the planet interiors, we assume a pure iron core and a silicate mantle; We neglected possible volatile
atmospheric layers.

2.2 Host properties

We used publicly available high-resolution spectra for Kepler-37 (FIES, Telting et al., 2014), K2-
36 (HARPS-N, Cosentino et al., 2012), K2-199 (HARPS-N, Cosentino et al., 2012), and HD80653

1The normalization parameter ρEarth−like, is the density of a planet with Earth-like composition (Dorn et al., 2017)
for a given mass. The normalization is to take into account the dependence of planet density on planet mass for a given
composition.
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Figure 1: Mass-radius diagram for RV-detected planets with masses below 10 M⊕ and radii below
2 R⊕ for which the uncertainty both in mass and radius is below 30%. The blue curve shows the
mass-radius relationship for Earth-like composition (32% Fe + 68% MgSiO3) from Dorn et al. (2017).
The six newly added planets are shown in black circles surrounded by a magenta ring. The names of
these new planets are also displayed.

(UVES, Dekker et al., 2000) to determine the stellar parameters and abundances of Mg, Si and Fe.
The stellar atmospheric parameters (Teff , log g, microturbulence (Vmic), and [Fe/H]) of the stars
have been determined following the methodology described in our previous works (Santos et al., 2013,
Sousa, 2014). For the derivation of chemical abundances we closely followed the methods described
in Adibekyan et al. (2012, 2015b). The stellar parameters and abundances of Mg, Si, and Fe of HD
137496 are taken from Silva et al. (2021) and for K2-111 are taken from Mortier et al. (2020)2.

Based on the abundances of Mg, Si, and Fe, and using the stoichiometric models of Santos et al.
(2015) we estimated the iron-to-silicate mass fraction (f star

iron) of planetary building blocks under as-
sumption that the stellar atmospheric composition reflects the composition of the proto-stellar (proto-
planetary) disk where the star and the planets are formed.

3 Results

Fig. 2 shows the ρ/ρEarth−like as a function of f star
iron . The figure reveals a clear correlation between

these two quantities indicating that the final planetary density is a function of the composition of the
planetary building blocks. We performed an orthogonal distance regression (ODR) and t-statistics to
quantify the relation and to assess the significance of the relation. The test suggests that the observed
correlation is statistically significant with a p-value of ∼ 3x10−6. For the same relation, the sample of
A21 revealed a p-value of ∼ 7x10−6. The slopes of the relations obtained for A21 and the extended

2The adopted abundances are determined from the ESPRESSO spectrum.
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samples agree withing one-sigma: 0.051±0.008 vs. 0.061±0.009.
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Figure 2: Normalized density of the planets as a function of iron mass fraction of planet building blocks
estimated from the host star chemistry. The super-Earths and super-Mercures are shown in blue and
brown colors. The positions of K2-111 b and TOI-561 b - planets orbiting around metal-poor stars
- are indicated. The positions of the Solar System rocky planets are indicated with their respective
symbols in black. The red dashed line represent the results of the ODR fit for the super-Earths of the
sample of A21. The black solid and dotted-dashed lines show the ODR results for the super-Earths
with and without considering Kepler-37 d, respectively. The Solar System planets are not considered
in the linear regressions. All error bars show one standard deviation.

The largest deviation from the fit is observed for Kepler-37 d. Kepler-37 is orbited by three3

transiting small planets. Kepler-37 d is the largest planet of the system, the mass of which was very
recently determined by Rajpaul et al. (2021) using radial velocity (RV) observations. The authors
obtained a RV based mass of 5.4±1.4 M⊕ and a dynamical mass of ∼ 4 M⊕. From the low density of
the planet, Rajpaul et al. (2021) concluded that either Kepler-37 d is a water-world (> 25% H2O) or
has a gaseous envelope4. In either case, the planet is most probably not a rocky planet consisting of
only metallic core and silicate mantle. The exclusion of Kepler-37 d from the ODR slightly reduces the
value of the slope (0.047±0.007) and makes the significance of the relation slightly higher (p-value of
∼ 1x10−6). The results of the ODR fit without considering Kepler-37 d is shown with a dotted-dashed
line in Fig. 2.

We also study the relation between fplanet
iron and f star

iron in Fig. 3. We performed an ODR and t-
statistics to the super-Earths and found a p-value of ∼ 6x10−5, which is even smaller than the p-value
(1x10−4) obtained for the A21 super-Earths sample. The slopes of the relations obtained for the A21
and the extended samples agree withing one-sigma: 0.36±0.9 vs. 4.3±0.8.

3The presence of a forth, non-transiting planet is unlikely (Rajpaul et al., 2021).
4Note, that the equilibrium temperature of Kepler-37 d is about 500K which is the coldest planet in the sample.
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Two planets, 55 Cnc e and Kepler-37 b, show fplanet
iron smaller than f star

iron of their host stars. We
already discussed the possibility for Kepler-37 b to have a significant amount of volatiles or atmosphere.
55 Cnc multi-planetary system is one of the well studied ones (Bourrier et al., 2018). Several works
suggested that 55 Cnc e may have volatile (e.g. Lopez, 2017) and/or hydrogen (e.g. Hammond &
Pierrehumbert, 2017) layers which could explain the low density of the planet. In addition, it was
proposed that 55 Cnc e can have Ca- and Al-rich interior without a significant iron core (Dorn et al.,
2019).

22 24 26 28 30 32 34 36
fstar
iron  (%)

10

20

30

40

50

60

70

80

fpl
an

et
iro

n
 (%

)

Earth

Venus
Mars

Mercury

TOI-561 b

K2-111 b

55 Cnc e

Kepler-37 b

super-Earths

su
pe

r-M
erc

uri
es

Figure 3: Iron mass fraction of planet building blocks (f star
iron) versus iron mass fraction of the planets

(fplanet
iron ). The meaning of the symbols and lines are the same as in Fig. 2. The error bars of f star

iron

show one standard deviation. The error bars of fplanet
iron cover the interval between the 16th and the

84th percentiles.
.

4 Discussion

It is interesting to see that similarly to TOI-561 b, the newly added planet - K2-111 b, orbiting a
metal-poor star, is also a low-density planet with low iron content. The low firon of rocky planets was
proposed in Santos et al. (2017) where the authors studied the potential composition of planet building
blocks around stars from different Galactic stellar populations. The stoichiometric model of Santos
et al. (2015, 2017) also suggest a high water-mass-fraction for planets orbiting around metal-poor stars.
It is thus possible that both TOI-561 b and K2-111 b have a non-negligible volatile layers, which we
ignored in our analysis. In a subsequent paper, we plan to model the planet interiors considering also
volatile layers and evaluate the presence of correlations between water-mass fraction of the planets
and their host stars.

One of the newly added planets, HD 137496 b, is a super-Mercury. It is intriguing to see that
this planet, just like the other five super-Mercuries of A21, has a high f star

iron . A21 suggested that the
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high iron content of super-Mercuries might be related to the protoplanetary disk composition, and
not solely to a giant impact.

5 Summary

In this work we extended the sample of Adibekyan et al. (2021) by adding six recently discovered
rocky exoplanets and studied the compositional link between rocky exoplanets and their host stars.
The main results which confirm the recent findings of A21 are summarized below:

• The density (ρ/ρEarth−like) of super-Earths correlates with the iron content (f star
iron) of the proto-

planetary disk.

• There is a non 1-to-1 relation between fplanet
iron and f star

iron . fplanet
iron of super-Earths is larger than

the iron content expected from the exoplanet host stars’ composition.

• Super-Mercuries are formed in the disks with high f star
iron suggesting that protoplanetary disk

composition might be important for the formation/evolution of these planets.

Studying the relationship between the compositions of planets and their host stars yields a wealth of
information on the processes that occur during the formation and evolution of planets. As the number
of newly discovered rocky exoplanets continues to increase, we will be able to better understand the
origins of these compositional links.
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